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Opt ica l ly  t ransparent  e l e c t r o d e s  (On) made from t h i n  metal l a y e r s  on g lass  
were f irst  used i n  e lectrochemical  s t u d i e s  involving photovol ta ic  e f f e c t s .  
More recent ly ,  OTE made from "doped" t i n  oxide coated g lasses  were appl ied t o  
e lec t rode  reac t ions  where the  products  formed were followed by o p t i c a l  spectroscopy.2 
The use of  these e l e c t r o d e s  has now been extended t o  a i d  t h e  e l u c i d a t i o n  o f  
mechanism and k i n e t i c s  of organic  e lec t rode  r e a c t i o n s .  

The appl ica t ion  o f  i n t e r n a l  r e f l e c t a n c e  spectroscopy (IRS) with OTE f o r  follow- 
ing processes involv ing  absorbing spec ies  a t  a d i s tance  from t h e  e l e c t r o d e  sur face  
Well within the  th ickness  o f  t h e  d i f f u s i o n  l a y e r  has been experimental ly  demonstrat- 
ed .4  
the  inc ident  l i g h t  pass ing  normal t o  t h e  sur face  of  OTE allows s p e c t r a l  monitoring 
i n  a minimum of th ickness  o f  about lo4  A ,  depending on concentrat ion and molar 
a b s o r p t i v i t y  of t h e  absorbing spec ies .  
two orders  of magnitude. 
a l s o  being pursued i n  var ious l a b o r a t o r i e s .  

The advantages of  OTE a r e  q u i t e  c l e a r .  Normal t ransmission spectroscopy with 

IRS lowers t h i s  minimum th ickness  by one o r  
IRS using germanium e lec t rodes  i n  t h e  i n f r a r e d  region is  

Although some work has been done with t h i n  metal f i lms vapor depos i ted  on 
g lass  s u b s t r a t e s ,  most of  our s t u d i e s  have employed OTE made from doped t i n  oxide 
coat ings on Elasses  obta ined  from two commercial sources .  Although t h e  doping 
mater ia l  can be v a r i e d ,  antimony i s  commonly used and t h e  r e s u l t i n g  t i n  oxide 
coa t inp  is a The carrier dens i ty  is 
high,  t h e  order  of  1020 - 10 
on leve l  of  dopjng and th ickness  of the  coa t ing .  
as  5-10 ohm-cm- 

type semicondyttor with a broad band gap. 
ern-?'. 

have been prepared.  

The r e s i s t a n c e  v a r i e s  considerably,  depending 
Surfaces  with r e s i s t a n c e s  as low 

EXPERIMENTAL 

For e lectrochemical  s t u d i e s ,  it i s  d e s i r a b l e  t o  minimize t h e  ra t io  of  sur face  
a r e a  t o  r e s i s t a n c e ,  so a t h i n  c i r c u l a r  r i n g  of  conducting sur face  is used as shown 
i n  t h e  cel l  design o f  Figure 1. 
s p e c t r a l  s t u d i e s .  
ampl i f ie rs  and a Hwlet t -Packard Model 467A power ampl i f ie r  is  used. 
work i s  done cm e i t h e r  a Cary Model 15 s p e c t r o p h o t o m t e r  o r  a Warner-Swasey Co. 
Rapid-Scanning mil l isecond spectrophotometer. 

A simple sandwich type cel l  is employed f o r  
A p o t e n t i o s t a t  u t i l i z i n g  s o l i d  s t a t e  Phi lbr ick  opera t iona l  

S p e c t r a l  

RESULTS AND DISCUSSION 

Prel iminary measurements of  t h e  d i f f e r e n t i a l  capaci tance o f  t h e s e  t i n  oxide 

S ince  t h e s e  e l e c t r o d e s  
e l e c t r o d e s  f o r  var ious  pH's and e l e c t r o l y t e s  have been made by superimposing a 
small o s c i l l a t i n g  vol tage  on a changing dc b i a s  vol tage .  
behave q u i t e  i n e r t l y  i n  most e l e c t r o l y t e s ,  t h e  p o t e n t i a l  range which can b e  
examined is  ex tens ive  i n  comparison t o  most o t h e r  semiconductor e l e c t r o d e s .  I t  
is  f o m d  t h a t  t h e r e  is a p o t e n t i a l  region i n  which t h e  d i f f e r e n t i a l  capaci tance 
remains f a i r l y  independent of e l e c t r o l y t e s  (e .g .  KC1, Na2S04, KClO , e t c ) ,  t h e i r  
concentrat ion and pll, and depends mainly on t h e  p a r t i c u l a r  semiconiuctor; For 
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1 example, a semiconductor with a r e s i s t a n c e  of 10 ohm-cm-’ gave a d i f f e r e n t i a l  \ 

i 
capaci tance of 2 . 4  uF-crn-’ i n  K C 1  s o l u t i o n s  0.03 t o  1.0 molar (pH = 6 . 5 )  over 
t h e  p o t e n t i a l  range -0.3 t o  4 . 4  V. 5 S C E .  
tance between 10-15 uF-cm-2 i n  a p o t e n t i a l  range o f  +0.3 t o  -0.1 Y vs SCE but a t  
more nega t ive  p o t e n t i a l s ,  C- 
deple t ion  of e l e c t r o n s  i n  t h e  space charge layer .  

Another semiconductor gave a capaci- 
, 

var ied  l i n e a r l y  with e lec t rode  p o t e n t G 1  due t o  

r 
Using t h e s e  e l e c t r o d e s ,  i t  is easy t o  follow the concentrat ion o f  absorbing 

s p e c i e s  formed durinq t h e  course of an e l e c t r o d e  r e a c t i o n .  
v a r i e s  l i n e a r l y  with t h e  rec iproca l  of  t h e  square-root  o f  time during a chrono- 
amperometric experiment as expected i f  t h e  reac t ion  is d i f f u s i o n  c o n t r o l l e d  and 
t h e  product formed absorbs a t  t h e  wavelength o f  t h e  monitoring l i g h t .  S imi la r ly ,  
e lectrochemical  parameters f o r  a v a r i e t y  of experimental techniques,  i .e. chrono- 
potent iometry.  vol tage-scan,  e t c . ,  can be concurrent ly  evaluated by s p e c t r a l  1 
s t u d i e s .  However, i n  many cases  t h e r e  a r e  complications due t o  t h e  electrochemical 
parameters being a f f e c t e d  by pH o r  by type o r  concentrat ion of ions .  

For example absorbancy 

The oxidation of  fe r rocyanide  has  been ex tens ive ly  examined by c y c l i c  vo l t -  
ammetry. Figure 2 g i v e s  examples of t h e  chanEes i n  t h e  c u r r e n t - p o t e n t i a l  (i-E) 
curves  when KC1 concent ra t ion  or pH is  v a r i e d .  Since t h e  s a t u r a t i o n  cur ren t  f o r  
these  semiconductors i s  high,  t h e  usual peak-type i - E  curves ,  i n  which imax is  
d i f fus ior .  l imi ted  are observed. The overvoltage i s  a f f e c t e d  by e l e c t r o l y t e  
concentrat ion and pH. 
but ion throughout t h e  semiconductor and t h e  Helmholtz layer  a r e  complicated. 
Attempts are be iag  made t o  f u r t h e r  eva lua te  t h e  e l e c t r i c a l  properties o f  these 
semiconductors and t o  r e l a t e  them t o  t h e  i - E  c h a r a c t e r i s t i c s .  The s i t u a t i o n  
appears promising s i n c e  these  e l e c t r o d e s  behave q u i t e  i n e r t l y  over  a wide p o t e n t i a l  
range. 

However, t h e  q u a n t i t a t i v e  aspec ts  of  t h e  p o t e n t i a l  d i s t r i -  

‘ 

In t h e  oxida t ion  of o - t o l i d i n e  a t  pH 1.0, a one s t e p ,  two e l e c t r o n  i - E  wave 
is  observed wi th  both OTE and platinum. 
pH, and t h e  i - E  curves  with OTE show la rge  overpoten t ia l s .  
t h e  wave s p l i t s  i n t o  two peaks; with OTE, t h e s e  waves are w e l l  developed and 
compare favorably t o  those  obtained a t  plat inum. 
pro tona ted  and apparent ly ,  i t s  i n t e r a c t i o n  with t h e  semiconcuctor s u r f a c e  is 

electrochemical  experiments, t h e  e l e c t r o d e  mechanism and assoc ia ted  r e a c t i o n s  were 
determined to  be: 

Both amino groups are protonated a t  t h i s  
A t  pH 4.0 with platinum, 

A t  t h i s  pH, o - t o l i d i n e  i s  mono- 

responsible  for  t h e  lower overpoten t ia l .  From o p t i c a l  s t u d i e s  dur ing  var ious i 

and a d ispropor t iona t ion  equi l ibr ium: 



where R ,  S -  and T a r e  t h e  reduced, t h e  f r e e  r a d i c a l  in te rmedia te  and t h e  two- 
e l e c t r o n ,  f u l l y  oxidized molecule, r e s p e c t i v e l y .  
evaluated under psuedo f i r s t  o rder  condi t ions .  
hydro lys is  reac t ion  o f  IY;' has  been measured. 

which follow the  charqe t r a n s f e r  s t e p  have been a l s o  determined using OTE. 
s p e c t r a l  examinations and r e s u l t s  of  these systems w i l l  be d iscussed .  

The r a t e  constant  k f  has been 
The r a t e  cons tan t  f o r  t h e  slower 

Rate constants  f o r  some chemical coupl ing and dimerizat ion type reac t ions  
The 

The technique of IRS has been used. t o  monitor sur face  concentrat ion of 
spec ies  durinq oxidat ion a t  t i n  oxide coated OTE. The monitorinR l i g h t  was 
a t  a wavelenRth where t h e  spec ies  absorbed. Determination o f  a spectrum is 
d i f f i c u l t ,  because s i n p l y  tak inn  t h e  d i f fe rence  i n  o p t i c a l  absorbancy with and 
without absorbing s p e c i e s ,  does not give t h e  c o r r e c t  spectrum f o r  t h e  spec ies .  
Recent t h e o r e t i c a l  a n a l y s i s 6  of  t h e  t o t a l  IRS phenomenon has made p o s s i b l e  t h e  
eva lua t ion  of chanRes occurinq a t  t h e  s u r f a c e .  
some r e s u l t s  and t h e  p o s s i b l e  implicat ions and d i r e c t i o n  of IRS a t  OTE. 

Comments w i l l  be made about 
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Fig. 2. Examples of 1-E o m 8  for formcyanid 
at OTE using oyolio voltammetry. 

Top: ( l e f t  t o  right) 0.03, 0.1, 0.3 and 
1.0 4 KC1. 

Bottan: pH 6.8, 7.5, e.& and 10 (uavee bo- 
lese reversible with incnasing pH). 


